The efficiency of photo-conductive switches, which continue to be used for the generation and detection of THz waves, has been overlooked for a long time. The so far a) Corresponding author: giorgos.georgiou@neel.cnrs.fr 1 arXiv:2001.01341v1 [physics.app-ph] 6 Jan 2020 Terahertz (THz) photo-conductive switches have been the workhorse for the fields of THz spectroscopy and ultrafast electronics. With their simple design and their straightforward implementation, photo-conductive switches based on interdigitated electrodes can generate and detect picosecond voltage pulses when illuminated by a femtosecond laser pulse.
"optics-dominated" devices are making their way through to new and emerging fields of research that require ultrafast picosecond voltage pulses, as well as to new applications where power efficiency is of uttermost importance. To address the efficiency problems, in this letter we present a novel photo-conductive switch that is based on a 3-dimensional design. In contrast to conventional planar designs, our photoconductive switch drastically enhances the overall efficiency by maximising the laser absorption within the device, while at the same time optimising the carrier collection efficiency at the electrodes. To maximise the optical absorption we take advantage of photonic and plasmonic modes that are excited in our device due to a periodic array of nano-pillars, whereas the collection efficiency is optimised by converting each nanopillar into a single nano-photo-conductive switch. Our numerical calculations show a 50-fold increase in the overall generated current and a 5-fold bandwidth increase for quantum technology applications where the quantum devices are usually operated at cryogenic temperatures. For these new technologies it is important to control the quantum states on the picosecond timescale 27 .
In this letter, we present a novel architecture/design for THz photo-conductive switches which unlike any other photo-switches has a 3-dimensional photonic design. We demonstrate via numerical simulations that the proposed architecture has superior power conversion efficiency compared to the "classical" 2-dimensional planar devices. By incorporating concepts and ideas from the fields of solar cells [28] [29] [30] , we propose a design that can be operated on a very small bias voltage and with low optical power. The low power requirements are particularly attractive for experiments that can be sensitive to the heat generated by the laser or the photo-conductive switch, such as experiments performed at cryogenic temperatures 31, 32 .
Our 3D photo-conductive switch design aims at the complete absorption of the input laser power, with the majority of the optical power being absorbed by the semiconducting material and converted into photo-excited carriers. Furthermore, its unique vertical design can uniformly accelerate the generated carriers towards the collection electrodes.
In what follows, we will introduce the 3-dimensional design of the photo-conductive switch and how, with this architecture, we can optimise optical absorption through photonic and plasmonic resonant modes. This will be followed by a discussion on the electronic properties of the photo-conductive switch when a bias voltage is applied on the electrodes of the device.
For completeness, we will numerically compare the performance of our photo-conductive switch with the conventional interdigitated electrode switches.
A. Photo-conductive switch design and photonic modelling
The proposed photo-conductive switch takes a leap forward from the traditional 2dimensional planar designs. Figure 1a shows an artistic illustration of our vertical 3dimensional photo-conductive switch device. The device consists of several hundreds of vertical nano-pillars that are connected in a parallel configuration. Each and every one of the nano-pillars is an individual photo-conductive switch that can absorb light, accelerate and collect photo-generated carriers, resulting into photo-current. The nano-pillars are made out of a semiconducting material with its band gap energy being lower than the laser photon energy, and are positioned in a periodic array. As will be discussed later, the periodic configuration facilitates an increased optical absorption in the semiconductor due to the excitation of photonic and plasmonic modes. To accelerate and collect the photo-excited carriers, we position metallic electrodes covering completely the bottom surface of the device as well as the top part of each nano-pillar. In between the nano-pillars and up to the top metallic electrode, we place a transparent insulator with a low dielectric index (n = 1.58) and high breakdown electric field. At the very top of the device, we connect all the top electrodes of all the nano-pillars with a transparent electrode that allows the propagation of the incident laser beam through the interior of the device. Such a transparent contact can be an indium-tin-oxide (ITO) alloy with the right composition such that it has an increased optical transmission but low enough electrical resistance to avoid resistive losses.
As pointed out earlier, the periodic arrangement of our device, as well as the height of the nano-pillars, play a significant role in increasing the overall performance of the photoconductive switch. This is shown in more detail by the dispersion curves in Fig. 1b . To calculate the dispersion relations, we have assumed that the waveguide region has an effective refractive index defined by the geometric average index between the GaAs and the transparent polymer, namely n eff = 2.38. The thickness of the waveguide was equal to the height of the nano-pillars, h = d wg = 330 nm.A plane wave incident on such a waveguide cannot excite any waveguide modes. By placing the nano-pillars in a periodic lattice, we can add extra momentum to the incoming plane wave and thus excite the transverse electric (TE) propagating waveguide modes into the transparent insulator, shown by the continuous blue lines. We chose our working wavelength to be λ = 780 nm, since commercial femtosecond lasers are readily available at this wavelength, such as Ti:Sapphire or doped fibre lasers. At this wavelength, and with the periodicity of our device being P = 355 nm we can excite the TE 0 waveguide mode, shown by the large red diamond. Additionally, in the vertical direction, each nano-pillar can support a Fabry-Perot type cavity resonance. For a height of h = 330 nm, the structure can support the second order Fabry-Perot resonance, as shown by the grey dashed line. In addition to the two photonic modes supported by our device a third, plasmonic mode, exists. At the laser wavelength, our periodic structure can weakly couple to a propagating surface plasmon polariton (SPP) 33, 34 . The SPP is excited at the interface between the semiconductor substrate and the bottom metal electrode. The coupling to the SPP is weak since its excitation wavelength is at λ = 885 nm (see Fig. 2a ).
As we will elucidate further in the text, even though the coupling to a SPP is weak, our device profits from large local field enhancements at the vicinities of the nano-pillars.
With the proposed photo-switch being capable to support three, different in nature, types of photonic/plasmonic modes, it is expected that it can absorb completely the input laser beam. Our simulations show that this is indeed the case, as illustrated by Fig. 2a . The red and blue continuous lines correspond to the overall absorption and reflection respectively (see left axis), when the nano-pillars are illuminated by a plane wave at normal incidence.
The light coloured red box centred at λ = 780 nm represents the spectral bandwidth of a ∆τ = 100 fs laser pulse assuming that it is Fourier transform limited. At this wavelength the laser beam is completely absorbed (> 98%) by the device, while the reflectance is reduced to almost zero percent. The zero back-reflectance from the top surface of our sample, is also a consequence of optimising the thickness of the transparent conducting electrode (ITO).
By choosing the right thickness we can form an anti-reflection coating at the surface of our device, while at the same time have a conductive electrode for collecting the photo-excited carriers. This is achieved at an ITO thickness of h ITO = 125nm. The right axis of Fig.   2a , shows the absorbed power normalised to the incident power in both the semiconductor region (black dashed line) and in the metallic contacts (light grey dashed line). The absorbed power is calculated by integrating in the semiconductor or metal (Ag) region the optical power absorbed per unit volume,
where 0 is the vacuum permittivity, ω is the angular frequency, E(x, y, z) is the electric field and { } is the imaginary part of the permittivity in each material. As we can appreciate from these data, although the overall absorbed power is almost unity, the input energy is not exclusively absorbed by the semiconductor. A ratio of around 20% is absorbed by the metal contacts and is potentially converted into heat through resistive losses. We note that resistive losses in the metal contacts can significantly deteriorate the efficiency of photo-conductive switches, especially those who rely solely on plasmonic resonances.
For our simulations, to reduce metal losses as much as possible, we have compared several metals with various permittivities. The metals with the best performance for our device were gold (Au) and silver (Ag), with Ag being slightly better than Au. This is because losses The coupling to the SPP is weak, but we can see however a strong local field enhancement at the vicinities of the pillar. The coupled TE 0 waveguide mode and the m = 2 Fabry-Perot mode are illustrated by d,e. The overall field enhancement in the nano-pillar region is almost 2 orders of magnitude higher than elsewhere.
the metal (Ag) and the substrate (z = 0 µm). The SPP, normally excited at λ = 885 nm, has a broad linewidth (see Fig. 2a ) which extends to the operating wavelength of our device.
The coupling to a SPP, although weak, causes a significant electric field enhancement at the vicinity of the nano-pillar 33 . 
where the first term of the formula defines the fraction of the illuminated unit cell area with respect to the area of the laser beam, with P being the periodicity of our device and r the radius of the laser beam. The second part of the equation defines the peak power delivered by a femtosecond laser with ∆τ pulse width, f L repetition rate, and an average power of P av . The third part of the generation term accounts for the spatial absorption within the semiconductor structure, with the assumption that one photon of energy E ν = hc/λ will generate one electron-hole pair. The assumption of the quantum efficiency being equal to unity is a simplification to our model since taking into account any quantum effects will result into numerically cumbersome calculations. Finally, the last term in the generation formula is a Gaussian function to account for the temporal laser pulse shape, which arrives at time t 0 . However, at longer times the carrier energy exceeds the threshold for enabling transitions to the X and L bands which are higher in energy . As the electron effective mass in these bands is much bigger than the lower energy band, the electrons will begin to loose speed, eventually reaching a saturation velocity that is dominated by scattering mechanisms with the lattice. Finally, at very high electric fields the overshoot velocity can reach values up to 10 8 cm/s within the first 100 fs. The inset of Fig. 3 , shows the integral of the drift velocity, which corresponds to the average distance travelled by the electrons. As we can see from the data, at very high electric fields, although the carriers achieve high overshoot velocity, since it only lasts for a few femtoseconds, they will not travel very far. For our 3dimensional nano-pillar photo-switch, the electrons would have to travel an average distance of 0.2−0.25 µm towards the contacts in less than 1 ps (recombination time). There is indeed a clear trade-off between the applied bias electric potential and the amount of carriers that can make it to the collection electrodes before they are captured by the traps.
As pointed out earlier, the vertical design of our photo-conductive switch has the advantage of inducing homogeneous electric potentials when a bias voltage is applied between the top and bottom electrodes. This is in stark contrast to the existing planar photo-conductive switches, where the electric potential becomes very weak in the bulk of the semiconducting LTG-GaAs. Positioning the two electrodes on the opposite ends of the photo-active region, in a similar way to a capacitor, can significantly increase the overall power performance of the photo-conductive switch [39] [40] [41] . It can, however, as we will discuss later, influence the electrical properties of the generated pulses. by the N ∼ 10 18 cm −3 photo-generated carriers that strongly screen the electric potential in regions where the carrier density is the highest. This, however, does not limit the performance of our 3-dimensional design. As will be elaborated in the next paragraphs, the ultrafast response of the nano-pillar photo-conductive switch is primarily dominated by the mobility of the photo-generated carriers.
To quantify the overall photo-current generated by each nano-pillar we have numerically Figure 4 shows the generated current due to the photo-excited electrons for a range of bias voltage, ranging from 0.5 V to 5 V. For 0.5 V (blue curve), we observe a pulse with a current amplitude of 800 µA and a time width of ∼ 300 fs. For larger bias voltage, 3 V, the generated pulse has an amplitude that reaches values as high as 3 mA per nano-pillar. This very high amplitude pulse is also linked with a very fast dynamic response, of about ∼ 100 fs, which is in turn accompanied by a slower dynamic response at times t > 100 fs related to carrier recombination. The largest peak current amplitude is obtained for a bias voltage of 3 V, whereas for higher bias voltage we observe a small reduction of the current peak. This is associated with the drift velocity of the carriers and the distance they can travel before reaching their saturation velocity (see inset of Fig. 3a) .
To benchmark the efficiency of our novel photo-conductive switch, we compare our results to a "classical" interdigitated Auston photo-conductive switch, shown with a black dashed line on Fig. 4 . For this simulation, we have considered an interdigitated photo-conductive with a 2µm electrode width and a 5µm periodicity. This "classical" device had LTG-GaAs thickness of 1 µm, while the carrier recombination time and mobility was kept the same as the model used for the nano-pillar device. To keep the comparison on an equal footing we have normalised the results with the surface area of the nano-pillar photo-conductive switch. We observe that for a bias voltage of 3 V, our 3-dimensional device outperforms the "classical" interdigitated switch by a factor of 50 in peak current amplitude. In addition, for the planar design, the pulse width of the generated pulse is limited to around 800 fs. This is because the electric potential for this 2-dimensional planar structure does not drive the free carriers as strongly as it does for the nano-pillars and this results in the recombination of the free carriers before they reach to the collection electrodes.
C. Discussion
The results of Fig. 4 suggest that the proposed 3-dimensional nano-pillar design can outperform "classical" planar designs by a factor of 50 in terms of the generated current amplitude. The absolute amplitude of the photo-generated current can be linearly increased with the number of nano-pillars within the device. Although in our photonic simulations we are simulating a periodic array of nano-pillars, which means an infinitively long photoconductive switch, for realistic applications the device has to be small enough to be integrated in any nano-electronic circuit. In addition, the overall footprint of the device adds some extra constraints that can limit its efficiency.
To begin with, it is important to note that the proposed device cannot be made of a single nano-pillar. This is because, for the collective photonic and plasmonic effects to take place, a minimum of fifteen periods should be used 42 . Efficient excitation of all the optical modes supported by our device is important to achieve maximum performance. This sets a lower limit to the device area at about 5.5 µm × 5.5 µm.
In addition, as we have seen from Fig. 4 , the generated pulse can have a time response as short as 100 fs for very high acceleration fields. Even though very high bandwidth THz pulses have been experimentally observed in the past for very high acceleration fields 43, 44 , the area of the device can significantly limit its bandwidth. This is because opto-electronic devices, such as the one presented here, have a characteristic internal τ RC = RC time constant, which practically renders them into low pass filters. The cut-off frequency, f c = 1/τ RC , of the photo-conductive switch is inversely proportional to the total capacitance of the device.
Given that each nano-pillar unit-cell has a typical capacitance of C np = 15 aF and that all nano-pillars are connected in parallel, for a 15 by 15 array the total capacitance would be which is translated into an 80 by 80 nano-pillar array. It is clear that not only the time-width of the pulse is increased to almost 1 ps but also the peak current is reduced by a factor of four. Even for such extreme cases, the performance of our 3D device is still much larger than the classical planar device.
D. Conclusion
In conclusion, we have presented a novel photo-conductive switch device that unlike its planar predecessors has a 3-dimensional design. The optical to electrical power conversion efficiency of the proposed device is significantly increased by maximising the optical absorption in the LTG-GaAs through photonic and plasmonic resonances. In addition, by positioning the electrodes of the device at the end-sides of the LTG-GaAs we can uniformly accelerate the electrons under high electric potentials, thus reaching high carrier collection efficiencies. Our numerical results suggest that our nano-pillar device can deliver electrical pulses with as much as 50 times more peak current and significantly broader bandwidth than the "classical" interdigitated photo-conductive switches. These qualities, will be useful and attractive to quantum information experiments as well as applications that require ultrafast voltage pulses at cryogenic temperatures 13, 45 .
